I. INTRODUCTION
Surface magneto-optical Kerr effect ͑SMOKE͒ has become an important tool in the study of ultrathin film magnetism due to its easy implementation and power as a surface sensitive in situ characterization under ultrahigh vacuum ͑UHV͒.
1,2 Especially, its usefulness is substantial in the understanding of magnetic anisotropies 3 and spin reorientation transition 4 in the ultrathin limit. To fully explore such magnetic phenomena, a vectorial SMOKE system with three probing axes is highly desired and has been developed. [5] [6] [7] [8] [9] Common difficulties come from electromagnets and optical configurations, which are mainly restricted to an analysis chamber separated from the main deposition and processing chamber, which may cause small systematic changes of ultrathin magnetism between measurements. To overcome such difficulties, we have constructed a more convenient SMOKE setup which is capable of three-configurational measurements during the deposition without perturbing optical alignments of polarizing optical components. Compared with the conventional MOKE in air, in situ SMOKE experiment under UHV is more useful to obtain a genuine property of ultrathin magnetic layer itself, without an overlayer, which may change the magnetic property through an additional interface anisotropy term. 1, 10 Therefore, our setup will be useful to perform a systematic sequence of experiments with thickness variation instead of preparing a wedge sample.
II. SYSTEM DESCRIPTION
In order to realize a simultaneous measurement and deposition at the same position, a spherical main chamber was fabricated with a diameter of 400 mm. Ultrahigh vacuum in the chamber is provided by a 240 l/s ion pump ͑POSCON͒, two titanium sublimation pumps with LN 2 cooling shroud ͑Physical Electronics͒, and a 400 l/s turbomolecular pump ͑Alcatel ATP400͒ backed by a 500 l/min mechanical pump ͑KODIVAC͒. With these pumps, a base pressure of 5ϫ10 Ϫ11 Torr is typically obtained after a 48 h bakeout at 150°C.
A. Sample manipulator
In order to align a sample at the center of the chamber, a sample manipulator was mounted on a rotary base with fine XY Z motions. With an UHV compatible pyrolytic boron nitride heater, the sample can be heated up to 1000°C. For the sample transport between the main chamber and scanning tunneling microscopy ͑STM͒ chamber, Omicron STM sample plate was modified to accommodate a rectangular window which permits radiation heating. A substrate with a maximum size of 15ϫ10 mm 2 can be mounted. Tungsten or tantalum wires were used to fix the substrate on the plate.
It should be stressed that material selection must be careful for SMOKE measurement, because the optical alignments may be perturbed in accordance with the applied magnetic field if the sample holder is magnetic. Therefore, as a nonmagnetic material, molybdenum, tantalum, and oxygenfree high-purity copper were mainly used for the sample holder block.
B. UHV evaporators
Two UHV evaporators ͑Omicron EFM4 and EFM3T͒ are used for film deposition. A single cell evaporator ͑EFM4͒ provides a large uniform area ͑ϳ40 mm͒ on the substrate at a distance of 100 mm with an aperture diameter of 10 mm. A triple cell evaporator ͑EFM3T͒ consisted of three independent evaporators integrated on a single cooling stem, and each of them give an enough uniform area ͑ϳ10 mm͒ with a 5 mm aperture.
With the help of a water-cooled shroud and an e-beam heater, only the evaporants are heated and the chamber pressure can be maintained under UHV conditions, typically below 1ϫ10 For refractory metal sources, we use a bare rod ͑ϭ2 mm͒ of each metal elements with high purity ͑99.99% or higher͒, which is directly connected to a high voltage stem with a barrel connector made of Mo. These rod evaporants are free from the contamination or alloying problem with a crucible. Deposition rates for Co and Pd were typically 0.78 and 1.0 Å/min with 10 and 20 W of e-beam, respectively.
C. Surface cleaning
An ion gun ͑VG EX03͒ is used to sputter-clean the surface of single crystal substrates. As an inert gas for the sample cleaning, 5ϫ10
Ϫ6 Torr of Ar was introduced using an UHV leak valve. The substrate was bombarded with Ar ϩ ions accelerated at 1 keV from a working distance of 100 mm, which gave a uniform cleaning area of 15 mm . To obtain a fresh surface before deposition, the sputter-cleaning procedure was repeated with a subsequent annealing at 500°C.
The polar SMOKE was measured during the sputtering cycle, which was found to be useful for an in situ monitoring of the residues of the magnetic layer on the substrate. Atomic force microscopy ͑AFM͒/STM ͑Omicron͒ was also used to inspect the cleaned surface, before deposition, or between the SMOKE measurements. The sample is easily transferred to the AFM/STM with wobble sticks and one linear magnetic drive.
D. Three-configurational SMOKE setups
As clearly seen in Fig. 1 , the main chamber is specially designed for three sets of SMOKE setups which are mutually orthogonal to each other, which enable three-dimensional vectorial studies of ultrathin film magnetism. Three setups are called the ''polar,'' ''longitudinal,'' and ''transverse'' configurations, respectively, considering the scattering plane and substrate normal direction with respect to the direction of an applied field.
In the polar and longitudinal geometries, the field is applied perpendicular and parallel to the film plane, respectively, with the field vector remaining on the optical scattering plane. However, in the transverse geometry, the optical plane is perpendicular to the field, which is parallel to the film plane. With these three-axis configurations, we can probe both perpendicular and in-plane magnetic anisotropies. And also, with the transverse configuration, magnetism perpendicular to the applied field can be explored, which may be related to domain-wall motion.
A single set of electromagnets was used for the SMOKE system. The magnets mount externally to the vacuum chamber through the 6 in. conflat ͑CF͒ flanges with a deep pocket of 4 in. diameter. Water-cooled electromagnets were wound with 1.0 mm copper wire with a resistance of 3.5 ⍀, which matched the output impedance of a bipolar current supply ͑EMI BOSS͒. Additional pole tips were introduced in the vacuum chamber to intensify and guide the field to the sample position. Pole tips were made of soft magnetic material such as Permendur ͑Goodfellow͒ with a remanence field less than ϳ20 Oe. A maximum field of 2.0 kOe was obtained with a pole gap of 29 mm, for all the measuring geometries.
As a light source and a detector, a He-Ne laser ͑JDS Uniphase͒ and a large area ͑5ϫ5 mm 2 ͒ Si photodiode assembly ͑Hinds DET90͒ were used, respectively. The laser light was introduced to the main chamber through several fused silica windows. Windows were chosen to minimize a stressinduced static birefringence in order not to perturb the polarization state.
For the polarizing elements, crystal polarizers ͑Newport͒ of the Glan-Taylor type were used, which provided enough contrast with an extinction ratio better than 10 Ϫ5 . For the fine alignment of a polarizing angle with respect to the sample surface with a null method, they were mounted on a precision rotator with a micrometer.
As a precision compensator to probe magneto-optical activity, a photoelastic modulator ͑Hinds PEM90D͒ with frequency of 50 kHz was used. It provided dynamic phase retardation of ␦(ϭ␣ 0 sin t) on the elliptically polarized light from a sample with magneto-optical activity. Therefore, we can obtain the magneto-optical property through phasesensitive detection with high accuracy down to ϳ0.001°, instead of rotating an analyzer to make a nulling. The peak retardation amplitude, ␣ 0 , was tuned to be a 0.383 wave for an optimal, where J 0 (␣ 0 )ϭ0, the reason is described in the Appendix.
As readout devices, one digital multimeter ͑HP34401A͒ and two digital lock-in amplifiers ͑EG&G 7265͒ were used. A manual multiplexing switch was used to select a signal from the polar, longitudinal, and transverse configurations. In order to minimize a pickup of rf noise, silver braided coaxial cables were used between the devices. Computer control was performed on a Pentium personal computer through GPIB and RS-232C interfaces. Data acquisition and analysis programs were written in LABVIEW ͑National Instruments͒.
Light intensity, I f , measured on the detector of the present system can be described as follows: 
͑2͒
for p polarization (pϭ0, mϭ0, and aϭ/4). The complex Kerr rotation angle, ⌰ K (ϵ K ϩi⑀ K ) is given from the Kerr angle, K , and the ellipticity angle, ⑀ K , from the light intensity as follows:
In Fig. 2 , three-configurational SMOKE measurements are demonstrated for a cobalt film ͑150 Å͒ grown on a glass substrate with a Pd buffer layer of 200 Å. The hysteresis loops are clearly identified from all the configurations with a sensitivity of 0.001°as seen in Fig. 2 . To obtain a polar signal, magnetic field, H, was swept at 110 Oe/s. Because in-plane coercivity was small ͑ϳ20 Oe͒, the sweep speed of 6.7 Oe/s was used for the longitudinal and transverse configurations. From the loops, one can obtain saturation, remanence, and coercivity values, which provide rich information about thin film magnetism with vectorial analysis, which is beyond the scope of this article.
III. EXPERIMENTAL RESULTS
Using the present system, we have carried out in situ three-configurational SMOKE measurements of ultrathin Co films grown on various substrates. Figure 3͑a͒ shows threeaxis SMOKE data of ultrathin cobalt layers grown on a Pd͑111͒ single crystal surface. Considering the 2.04 Å height of the Co monolayer, our data clearly display the submonolayer sensitivity of the present system. Below 3.9 Å, no hysteresis loop is observed in all of the three configurations, which can be ascribed to the loss of ferromagnetism, consistent with the Co/Au͑111͒ case.
11 Polar coercivity increases and shows a maximum around 6 Å, then decreases. Also, the longitudinal loop has a large coercivity up to ϳ10 Å, then it demonstrates an in-plane easy-axis behavior with further deposition. The loop could be not obtained at 5.9 Å because the coercivity is beyond our available maximum field. Simi- lar results are found from the transverse case. Spin reorientation is probably under progress from polar to in-plane, of which the trajectory is not clear yet. Figure 3͑b͒ shows Co grown on a glass substrate without a buffer layer. In this case, data of the bare substrate show a substantial linear signal in the polar and the longitudinal geometries, which is attributable to the Faraday effect of a transparent glass substrate due to the reflection from the back side. Large noise in the early stage is originated from the scattered light from the substrate holder. The longitudinal data have smaller coercivities than those of the polar ones. Polar coercivity increases beyond the limit of our field above 34 Å. At 45 Å, the sample shows the hard-and easy-axis behaviors in the polar and in-plane directions, respectively. Small features found in the transverse case are believed to be an existence of the Néel wall during the domain reversal process. If one accepts such a domain-motion scenario, the thickness of the Néel wall 12 can be roughly estimated to be about 10 Å from the ratio of remanences of the longitudinal and transverse case.
In order to minimize the Faraday effect of a glass substrate, a Pd buffer layer was deposited on a glass substrate. The required thickness is determined from the polar SMOKE measurement between the deposition sequence. With 200 Å of Pd, which is close to the penetration depth of light, the Faraday effect is reduced less than 0.01°.
The SMOKE data of the Co film grown on the 200 Å Pd/glass substrate are depicted in Fig. 3͑c͒ . The longitudinal data show small coercivities similar to the Co/glass case. Polar coercivities are larger than the longitudinal ones, however in this case, they remain within the field limit, with their maximum around 14 Å. The SMOKE signals show a saturated behavior over 162 Å, which is also related to the skin depth of Co.
These mixed anisotropy behaviors of cobalt grown on Pd͑111͒, glass, and 200 Å Pd/glass substrates may have some relation with the coexistent phase proposed by Millev et al. 13 A relation with such a model needs further investigation. 
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APPENDIX: SIGNAL ANALYSIS FOR VECTORIAL SMOKE
When a light beam arrives detector through polarizer ͑P͒, sample ͑S͒, modulator ͑M͒, and analyzer ͑A͒, the E field at the detector is given as
where 
